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Non-technical summary
In a cross section of OECD countries we replace the macroeconomic production function by a production possibility frontier, Total Factor Productivity being the composite effect of efficiency scores and possibility frontier changes. We consider, for the periods 1970, 1980, 1990, 2000 , one output, GDP per worker, and three inputs, human capital, public physical capital per worker and private physical capital per worker. We use a semi-parametric analysis, computing Malmquist productivity indexes, and we also resort to stochastic frontier analysis.
Results show that: i) private capital is important for growth, and contributes in a significant manner to input accumulation; ii) public and human capital contribution is usually estimated as positive, but, depending on the specification, it was not always significant from a statistical point a view; iii) a governance indicator (government effectiveness), a non-discretionary input, explains inefficiency. Our results also support the idea that better governance helps countries to achieve a better performance and to operate closer to the production possibility frontier.
Deterministic and stochastic estimation methods provide similar results and conclusions. Notably, non-parametric and parametric results coincide rather closely on the countries movements vis-à-vis the possibility frontier and on their relative distances to the frontier. The number of countries that can be nominated as efficient was stable throughout the period, with six or seven countries usually on the frontier (Belgium, Canada, Spain, Italy, Japan, Portugal, and the USA). In addition, it is worthwhile noticing the steady improvement in (technical) efficiency throughout the time sample for such countries as Ireland, Norway, and Finland, with the first two countries reaching the efficiency frontier in 2000, and depicting the biggest TFP change in that period. An opposite development can be seen for the case of Japan that shifts away from the efficiency frontier between 1970 and 2000.
Our estimations imply that policy may matter for growth by at least three different channels. One is public investment. The public capital elasticity is imprecisely estimated. These estimates and their variability are consistent with other results available in the literature concerning the effects of public investment across countries.
The policy content of these results has to be seen with caution -macroeconomic analysis can be no substitute for the careful evaluation of each public project on its own merits.
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February 2010 4 The second channel by which policy operates is governance. Our governance indicator (government effectiveness), depends on policy in the broad sense of the word, i.e., results not only from policy measures, but also from the way institutions are at the same time shaped by history and designed by contemporaneous men and women.
Finally, our results are also consistent with the importance of human capital formation for growth. There is some evidence of a positive macroeconomic return for human capital investment. Some countries in our sample, even if they are close to or at the efficiency frontier (Portugal, Spain), are probably limited in their growth prospects by their relative human capital scarcity.
Introduction
The empirics of growth are generally based on an aggregate production function approach. In a typical framework, production depends on labour, physical capital, human capital and total factor productivity (TFP). Total factor productivity is an unobserved variable, and is generally estimated following a procedure that involves: i) specifying a production function (e.g. of a Cobb-Douglas variety); ii) estimating or calibrating the production function parameters; iii) and obtaining TFP as a Solow residual, the change in production that is not explained by changes in production factors.
The researcher is very often interested in TFP estimates. For example, one may be interested in how TFP differs across countries in response to different environments likely to affect growth (policies, governance, institutions...), and also in how TFP changes throughout time. However, TFP estimates obtained in the manner described above heavily depend on the assumptions about the production function.
In this paper we replace the macroeconomic production function by a production possibility frontier. TFP is computed as the composite effect of efficiency scores and possibility frontier changes. The efficiency score provides information on how far away a country is from the frontier, given the inputs it is using in production. We will consider, in a cross section of countries, one output: GDP per worker; three inputs:
human capital, public physical capital per worker and private physical per worker; and an environmental variable (a non-discretionary input), related to public policy, under the form of a governance indicator. These variables are usually useful to explain changes in country efficiency scores and therefore in the distance to the frontier.
We use two different methods to estimate the production possibility frontier.
ECB Working Paper Series No 1154 February 2010
Firstly, we apply the semi-parametric analysis with non-discretionary inputs in a similar manner as in Afonso and St. Aubyn (2006) . This approach has one important advantage -the number of a priori assumptions is much smaller, as there is no need to specify a functional form for the relationship between inputs (production factors) and output (income). Namely, no a priori hypothesis is made in what concerns returns to scale or substitution elasticities. 1 The only restrictions imposed on the production frontier are that it is convex and monotonic (increasing factor quantities does not decrease production possibilities). Moreover, we take advantage of the time series dimension to assess the developments of TFP by computing Malmquist productivity indexes.
Secondly, we resort to stochastic frontier analysis (SFA). This is a parametric method, so that a specific functional form for the production possibility frontier has to be assumed. It retains, however, the idea that countries operate either on or below a production frontier. Consequently, improvements may be attained in two different ways, either by decreasing the inefficiency score, or by sharing the increased possibilities
given by an upward shift in the frontier. Both efficiency measurement methods allow for a fruitful distinction between the sources of improvement.
Discretionary inputs are those that can be changed at will by the decision making unit (DMU). Taking a national economy as a DMU, we consider it chooses each period which quantity of production factors it employs (human and physical capital, labour). Non-discretionary or environment inputs are inputs which are pre-determined at least in the short to medium run. They affect the DMU operational conditions and its distance to the frontier. We consider government effectiveness as a non-discretionary input.
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February 2010 By resorting to the World Bank indicators, our paper provides evidence that government effectiveness is an important non-discretionary factor explaining inefficiency, supporting the idea that better governance helps developed countries to achieve a better performance and to operate closer to the production possibility frontier.
The remainder of the paper is organised as follows. Section two briefly reviews the related literature. Section three presents the methodology used in the analysis.
Section four reports and discusses the empirical analysis. Section five concludes the paper.
Literature
The use of non-parametric analysis to macroeconomic issues has been growing recently, notably in what concerns the assessment of public sector efficiency. For instance, Data Envelopment Analysis (DEA) became widely used to calculate changes in TFP within specific sectors (for instance, hospitals, schools, where price data is difficult to find and multi-output production is relevant), because it needs fewer assumptions about the form of the production technology. DEA analysis has also been used recently to assess the efficiency of the public sector in cross-country analysis in such areas as education and health (Afonso and St. Aubyn, 2005 Aubyn, , 2006 and also for overall public sector efficiency analysis (Afonso et al., 2005) .
A different but related small strand of the literature has applied DEA methods and the associated Malmquist TFP computations to GDP and GDP growth. Kumar and Russell (2002) and Krüger (2003) were among the first to adopt this approach. They only considered output and physical capital per worker. Henderson and Russell (2005) added human capital as an input, and Delgado-Rodríguez and Álvarez-Ayuso (2008) separated private from public capital. Apart from (important) differences in the colonies.
Methodology

DEA and the Malmquist index
The DEA methodology, originating from Farrell's (1957) seminal work and popularised by Charnes, Cooper and Rhodes (1978) , assumes the existence of a convex production frontier. The production frontier in the DEA approach is constructed using linear programming methods. The term "envelopment" stems from the fact that the production frontier envelops the set of observations.
2
The general relationship that we consider is given by the following function for each country i: The analytical description of the linear programming problem to be solved in the variable-returns to scale hypothesis is sketched below for an output-oriented specification. Suppose there are k inputs and m outputs for n Decision Management Units (DMUs). For the i-th DMU, y i is the column vector of the inputs and x i is the column vector of the outputs. We can also define X as the (k n) input matrix and Y as the (m n) output matrix. The DEA model is then specified with the following mathematical programming problem, for a given i-th DMU:
In problem (2), is a scalar (that satisfies 1/ 1), more specifically it is the efficiency score that measures technical efficiency. It measures the distance between a country and the efficiency frontier, defined as a linear combination of the best practice observations. With 1/ <1, the country is inside the frontier (i.e. it is inefficient), while 1 implies that the country is on the frontier (i.e. it is efficient).
The vector is a (n 1) vector of constants that measures the weights used to compute the location of an inefficient DMU if it were to become efficient, and n1 is an n-dimensional vector of ones. The inefficient DMU would be projected on the production frontier as a linear combination of those weights, related to the peers of the inefficient DMU. The peers are other DMUs that are more efficient and are therefore used as references for the inefficient DMU. The restriction 1 ' 1 n imposes convexity of the frontier, accounting for variable returns to scale. Dropping this restriction would
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As explained in more detail in the following section, we will deal with a panel data set, observing countries at different points in time. One would normally expect the production frontier to change over time, as well as efficiency scores. Therefore, if a country sees its production changed, usually increased, from year t to year t+1, one would like to decompose the total variation into a part attributed to changes in efficiency and another ascribed to the frontier changes.
The output Malmquist productivity index, MPI (Malmquist, 1953) allows this decomposition in a straightforward and intuitive way. 4 For a given country, it is defined as: The MPI may also be written as: In the simple one input-one output case, the MPI and its decomposition has an intuitive geometrical interpretation, and this can be exemplified in Figure 2 .
[ Figure 2 ]
In Figure 2 , we can observe for the exemplified DMU that it produces less than feasible under each period's production frontier. The decomposition of the Malmquist index according to equation (5) is given by the distance functions in equations (6) and (7): According to equations (6) and (7), efficiency change (E) is the ratio of the output-oriented measure of Farrell technical efficiency in period t+1 to that in period t and technical change (T) is the geometric mean of the shift in technology between period t+1 and t.
Stochastic frontier
The DEA frontier is assumed to be deterministic, and differences between the frontier and actual outputs are fully related to inefficiency. Suppose, alternatively to the DEA approach, that the frontier is stochastic. In that case, such differences may also stem from stochastic noise. Specifically, and after Battese and Coelli (1995) and Coelli et al. (2002), assume the following model:
where i is the country and t the time period. We have:
y it -the output, GDP per worker;
X it -the vector of inputs, private and public capital per worker and human capital;
-set of production function parameters to be estimated;
i -normally distributed two-sided random error;
i -non-negative efficiency effect, assumed to have a truncated normal distribution; z i -non-discretionary factors that explain inefficiency;
-set of efficiency parameters to be estimated.
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We have specified a log linear, Cobb-Douglas function for F(. , it is possible to produce a likelihood ratio statistic to test if =0,
i.e., that there are no random inefficiency effects. Figure 3 illustrates the SFA production possibility frontier in the simple one input-one output case.
[ Figure 3] 4. Empirical analysis
Data
We use annual data for all inputs and outputs, for a set of OECD countries, composite indicator of government effectiveness (also disseminated by the World Bank), as a non-discretionary factor.
Non-parametric analysis
We report in Table 1 to produce an increase in total factor productivity throughout the period. Interestingly, the overall increase in total factor productivity in the period 1970-2000 occurred essentially in the 1980s and in the 1990s.
7
[ Table 2 ]
The change in output can be decomposed into two components: the change in total factor productivity and the quantitative change in the inputs, in other words,
Since we know the change in GDP and we can get the change in Total Factor
Productivity from the previous Malmquist set of results, the overall change in the inputs can then be computed as / Input Output TFP . Therefore, we report in Table 3 changes in the overall input necessary to attain the output change, given the TFP change.
[ Table 3 ]
As a next step, we can also compute the period changes in each of the inputs that we are considering, private capital, public capital and human capital. Table 4 reports those changes. For instance, and for the sub-period 1970-1980, we can observe for
Australia overall period growth rates of 22.8%, 27.6%, and 10.5% respectively in private capital, public capital and human capital.
[ Table 4 ]
In addition, we can also decompose the increase in the inputs into those three types of capital, imposing the restriction that the sum of the coefficients of the three inputs equals unity. 8 The specification is then 1 2 1 2
(1 )
Input a PrivK a PubK a a HK .
where PrivK, PubK and HK are respectively private, public and human capital. The regression results are shown in 
Parametric analysis
Regarding our stochastic frontier analysis, we use the following baseline panel it is a normally distributed random error, while it stands for a non-negative inefficiency effect, assumed to have a truncated normal distribution. Inefficiency effects can be explained by non-discretionary factors. In our case we assess whether the exogenous factor wbg , which is an indicator of government effectiveness of the World Bank, plays a role in explaining inefficiency scores.
The estimation of (12) produces estimates for the following parameters: the s, the coefficients associated to the inputs; , the constant associated to inefficiency; and the standard deviations of respectively it and _ it . We report in Table 6 the results for the stochastic frontier estimation, including also a time trend.
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[ Table 6 ]
From the critical value at 10 percent for a mixed chi-square distribution with 2 degrees of freedom is 3.808 (according to the tabulation of Kodde and Palm, 1986) .
The coefficients for the three types of capital are all positive and statistically significant. For instance, a one percent increase in private capital results in a 0.538 percent increase in output. In addition, a one percent increase in public and in human capital leads respectively to a 0.118 and 0.014 percent increase in output.
10 Table 7 reports the stochastic frontier estimates of technical efficiency, per year, while Figure 4 illustrates the volatility of these efficiency measures. It is interesting to observe the high correlations between the SFA technical efficiency estimates (Table 7) and the DEA technical efficiency scores (Table 1) computed previously. Moreover, the patterns already mentioned for such countries as Ireland, Finland and Norway (towards the frontier) and Japan (away from the frontier) are also confirmed with the stochastic analysis.
[ Table 7 ]
[ Figure 4 ]
In order to assess whether technical efficiency is related to better governance, we use a composite indicator of government effectiveness of the World Bank (see Kaufmann et al., 2008) and test its contribution to efficiency. The results in Table 8 show latter case. A positive effect from government effectiveness can also be found for the SFA efficiency changes in the period 1990-2000.
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[ Table 8 ]
Conclusion
In a cross section of OECD countries we replace the macroeconomic production function by a production possibility frontier, TFP being the composite effect of efficiency scores and possibility frontier changes. We consider, for the periods 1970, 1980, 1990, 2000 , one output, GDP per worker, and three inputs, human capital, public physical capital per worker and private physical per worker. We use a semi-parametric analysis, computing Malmquist productivity indexes, and we also resort to stochastic frontier analysis.
Our results show that: i) private capital is important for growth, and contributes in a significant manner to output accumulation; ii) public and human capital contributions are usually estimated as positive, but, depending on the specification, were not always significant from a statistical point a view; iii) a governance indicator (government effectiveness), a non-discretionary input, explains inefficiency. Indeed, our results support the idea that better governance helps countries to achieve a better performance and to operate closer to the production possibility frontier. stable throughout the period, with six or seven countries usually on the frontier (Belgium, Canada, Spain, Italy, Japan, Portugal, and the USA).
Our results have several policy implications. Our estimations imply that policy may matter for growth by at least three different channels. One is public investment.
The public capital elasticity is imprecisely estimated. Our estimates and their variability are consistent with other results concerning the effects of public investment across countries. With other data and methods, we found that both patterns of crowding in (public investment stimulating private investment and growth) and of crowding out are to be found in the recent experience of industrialised countries. 12 The policy content of these results has to be seen with caution -macroeconomic analysis can be no substitute for the careful evaluation of each public project on its own merits.
The second channel by which policy operates is governance. Our governance indicator (government effectiveness) depends on policy in the broad sense of the word, i.e., results not only from policy measures, but also from the way institutions are at the same time shaped by history and designed by contemporaneous men and women. Regarding future work developments, a possible step further could be the computation of a parametric Malmquist index, using alternative approaches (e.g. Fuentes et al., 2001, and Orea, 2004 1970-1980 1980-1990 1990-2000 1970- 2000  EC  TC  TFP  EC  TC  TFP  EC  TC  TFP  EC  TC 1970-1980 1980-1990 1990-2000 1970- 1970-1980 1980-1990 1990-2000 1970- (1970, 1980, 1990, 2000) 1970-1980 1980-1990 1990-2000 1970-2000 EC  TC  TFP  EC  TC  TFP  EC  TC  TFP  EC  TC Table A4 -Malmquist efficiency, technology, and total factor productivity change indices (Output-oriented: 1970 (Output-oriented: -2000 ; output; GDP; inputs: total capital and human capital) 1970-1980 1980-1990 1990-2000 1970-2000 EC  TC  TFP  EC  TC  TFP  EC  TC  TFP  EC  TC Figure A1 -SFA efficiency scores, without time trend (1970, 1980, 1990, 2000) 
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